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Abstract
This paper describes the design, simulation results of a novel 
MEMS accelerometer, which is based on piezoresistive detection. 
This kind of sensor consists of four vertical cantilever beams 
with attached plastic cylinder in the center of the structure. 
A simplified analytical model is established to describe the 
accelerometer’s mechanical behavior. Finite ele-ment modelling 
is also conducted to verify the analytical model and evaluate 
the performance of the micro accelerometer. By locating the 
piezoresistors logically formed the Wheatstone bridge; this sensor 
can detect two components of acceleration simultaneously. The 
results sensitivity and frequency response are measured and 
compared with the theoretical values. The experimental results 
show that the sensitivity of the micro accelerometer is 0.038 V/g. 
The frequency response gives a straight and smooth line and the 
measured resonance frequency is 79731Hz. Comparison of the 
results obtained from the experiments, analytical model and finite 
element simulation shows good agreement.
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I. Introduction
MEMS (Micro Electromechanical Systems) based accelerometer 
is one of the most important types of the mechanical silicon 
sensors, since there have been large demands for accelerometers in 
automotive applications, where they are used for crash detection, 
and for vehicle stability systems. In addition, due to small size 
and light weight, they are also used in biomedical and robotics 
applications for active motion monitoring, and in consumer for 
stabilization of pictures in camera, head-mounted displays. These 
accelerometers have been developed based on piezoelectric [1], 
capacitive [2], piezoresistive [3] and other sensing principles. Each 
approach has its own inherent advan-tages and drawbacks.
Piezoelectric accelerometers have the advantages of low cost, 
simple structure, easy integration with electronic circuitry, wide 
frequency response and high sensitivity, and have a fast response 
but do not respond to a constant acceleration [1, 4-5], and it is 
difficult to operate below low frequency. Capacitive accelerometers 
have a dc response, a low drift and are very low temperature 
insensitive, but the detected signal is difficult to measure because 
of the parasitic capacitance of connecting leads [6].
Piezoresistive accelerometers suffer from dependence of 
temperature, but have simplicity of the structure and batch 
fabrication process, as well as a dc response, simple readout 
circuits, ability to meet the requirement of high reliability and 
low cost in addition to the potential for mass production [7-10].
Over the years, multi axis of motion sensing devices is high in 
demand in many applications [11]. The miniaturized multi-axis 
accelerometer is eagerly required because of the extremely small 
size, which allows for easy installation in inaccessible areas or on 
small electronic assemblies and low cost.
Generally, the sensitivity of piezoresistive accelerometers is not 
as high as that of the capacitive and tunneling accelerometers. 

Sensitivity of piezoresistive sensors can be increased by using 
high value gauge factor materials [12]. Another possible means 
to improve the sensitivity of piezoresistive sensors is through 
new innovative designs [13]. In this study, a novel two axis micro 
machined piezoresistive accelerometer with 8 p-type piezoresistors 
is presented.
It is desirable that the application of ingenious structure of the 
sensor may improve the sensitivity. Both the static and dynamic 
behaviors of the micro accelerometer have been analyzed, and 
the analytical and computational models are developed and the 
results are compared. Using the analytical model, as well as the 
piezoresistive effect of silicon, the sensitivity of the accelerometer 
is evaluated. The fabrication of the accelerometer is completed 
on silicon using MEMS technology, and the frequency response 
and sensitivity are respectively tested at last. The results obtained 
from analysis and experiment show excellent agreement.

II. Design of the Accelerometer
The three dimensional (3D) model of the proposed two axis 
acceleration sensing element is shown in Figure 1. The sensing 
element is made of Si, with a plastic cylinder a center block is 
attached and suspended at the middles of the four surrounding 
beams, which themselves are fixed to the “rigid” frame at the ends. 
The Si piezoresistors formed by diffusing boron ions at the suitable 
places on the surface of the Si sensing beams are patterned into 
two transducer elements, thus eight piezoresistive transducers are 
arranged on four beams symmetrically to form the sensing devices 
in the structures. The stresses of the two piezoresistors elements 
are in the opposite directions due to bending of the beam, i.e., one 
is subjected to tensile stress and the other compressive stress.

Fig. 1: A 3D View of the Accelerometer.
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When an external acceleration is applied to the sensor, the plastic 
cylinder will be displaced due to the inertial force. This movement 
of the plastic cylinder makes the beams deformed; as a result, the 
resistance of Si piezoresistors will be changed. When there is 
incentive direct current, the change of resistance will be converted 
to an output voltage change by a Wheatstone bridge.
In order to decide the optimal positions of the piezoresistors in the 
sensing beams, it is necessary to per-form structural analysis. The 
structural analysis of the accelerometer was done under two steps. 
Firstly; Analytical analysis was done by classical elasticity theory 
for rough estimation of sensor dimensions. Secondly, this model 
was analyzed by a Finite Element Method (FEM) to investigate 
more comprehensively stress field in the structure, to determine the 
motion of the plastic cylinder, the location of the piezoresistors. 
The results obtained from the analytical model and finite element 
model are compared.

A. Theoretic Modeling
The static behavior of the accelerometer is simply deter-mined by 
the plastic cylinder and by the stiffness of the beam suspension. 
Acceleration acting on the plastic cylinder and the center block will 
result in an inertial force, causing the center block to circumvolve, 
until the counter force of the beam suspension equals this inertial 
force. As for the analysed acceleration, a is the half length of the 
center block; L, b, t the length, width, and thickness of the beam; 
r, h the radius and height of the plastic cylinder.
The following assumptions are made in establishing the mechanical 
model of the micro accelerometer:

Compared with the plastic cylinder, the effective mass of 1. 
the supporting beams and center block are very small and 
can be ignored; 
The Si layers are elastic and obey Hooke’s law; 2. 
The plastic cylinder and rim of the structure are rigid. 3. 

Density of the material (cu) = 8960 kg/  
Young’s Modulus =117 Gpa
Mass = Density Volume
                     = 8960 (2000 ) 
                     = 1792 kg
Stiffness of the system is given by  

K= ( )

=    

     (  +  +  )

  = 4.4928N/m
Natural frequency is given by       

   f =        (1)
                                              

 =   
                                                
    = 79731HZ

Resistance R = ρ  
Resistivity of the material (cu) = 1.68 × Ω.m

           =1.68×  ( ) = 0.084Ω

Voltage (V) = IR = 0.5×0.084 = 0.042 V.

VOUT = ×Vin =  × 0.04 = 0.038V

Sensitivity =       (2)

Here Acceleration (a) =1g

            =  = 0.038 V/g
    

B. Finite Element Model
To verify the accuracy of the above simplified analytical model 
and evaluate the performance of the 
designed micro accelerometer, finite element modelling of the 
designed structure is conducted in this section.
The geometry of the accelerometer structure used for our modeling 
is given in Table 1.
Generally, the two important parameters in evaluating accelerometer 
sensors are sensitivity and operating fre-quency range. Sensitivity 
can be defined as the generative charge per applied acceleration. 
Operating frequency range is the flat frequency response region 
below the fundamen-tal resonance  frequency of the sensor.

Fig. 2: The Schematic View of Stress Distribution on the Structure 
Under Static Excitation

1. Static Behavior of the Micro Accelerometer
We used 45 solid, three-dimensional elements. All the elements 
are standard cuboids; the ratio between length, width, and height is 
nearly 1:1:1. FEM model of the accelerometer is densely meshed 
in the beams to better resolve the stress distribution there.

Table 1. Component Dimensions in the Accelerometer
_____________________________________
Length of suspension beam (l) = 1000 µm
Width of suspension beam (b) = 120 µm
Thickness of suspension beam (t) = 10 µm
Width of center block (2a) = 600 µm
Thickness of center block (t) = 10 µm
Height of cylinder (h) = 5000 µm
Radius of cylinder (r) = 100 µm
__________________________________
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Fig. 2 shows the stress distribution along the central axes on 
the surface of Y -oriented beams and center block when sensor 
structure is under the Y -oriented acceleration of l g. As expected, 
the maximal stress is near the extremes of the beams. The curve 
of the stress in the y-direction along Y –oriented beams obtained 
by finite element analysis is shown in fig.

Fig. 3:  The Curve of Stress Distribution on Beams and Center 
Block Along Y Direction Under Static Excitation
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Fig. 4: Graph b/w Length of the Beam & Resonant Frequency
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Fig. 5: Graph b/w Width of the Beam & Resonant Frequency 
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Fig 6:  Graph b/w Height of the Plastic Cylinder & Resonant 
Frequency
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Fig 7: Graph b/w Thickness of the beam & Resonant Frequency 

2. FEM Analysis of Dynamic Behavior of the Micro 
Accelerometer
The dynamic characteristics of the designed micro accelerometer 
are also studied. A very significant step of dynamic analysis is the 
modal analysis which is used to determine the mode shapes and the 
natural frequencies of the structure that are important in the design 
of a model for dynamic analysis. The dependence of the natural 
frequency of the micro accelerometer on the device geometry is 
calculated by both analytical equation and finite element modeling. 
The results are plotted in figs. 5–8. Since the natural frequency 
is proportional to the effective mass, as indicated by Eq.(1), the 
ignorance of the effective mass of the four transducer beam and 
center block lead to the slightly smaller FEM values than the 
results by analytical natural frequency. With the decrease of length 
of beam and height of the cylinder structure, the accelerometer 
resonant frequency decreases; while with the increases of width 
and thickness of the beam, resonant frequency increases. 

C. Location of Piezoresistors
Based on the stress distribution in the crossbeam derived from 
FEM analysis and the classical elasticity theory presented above, 
piezoresistors to measure each component of acceleration are 
arranged on the sensing beams so as the longitudinal stress induced 
by that acceleration is largest there. Therefore, the piezoresistors 
of the structure can be located at these places of the beam where 
the stress profile is optimal (single sign and uniform distribution), 
see fig. 8.
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Fig. 8: Arrangement Layout of Piezoresistors on Crossbeam 
Structure of the Accelerometer

The piezoresistors on the beams can be divided into two groups: 
one group (R1–R4) is only sensitive to the X-axis acceleration; 
another group (R5–R8) is only sensitive to Y -axis acceleration. 
When there is X-axis acceleration applied, the piezoresistor values 
of R1 and R3 will increase while R2 and R4 will decrease. By 
contraries, the piezore-sistor values of R2 and R4 will increase 
while R1 and R3 will decrease. This will result in the Vout from 
the Wheatstone bridge according to the amplitude of the X-axis 
acceleration.The same principle applies to R5-R8 for Y-axis 
acceleration sensing.

III. Measurements and Results
Frequency response measurement—Throughout the experiment 
the linear acceleration generated by the shaker is monitored by the 
reference accelerometer, and held con-stant. The forced vibration 
frequency is altered and the prototype accelerometer output is 
recorded. 
Sensitivity measurement—This measurement employs forced 
vibrations in a frequency that is much lower than the natural 
frequency, thus in the flat frequency response domain. The 
vibration intensity is changed and the accel-eration is measured 
by the reference accelerometer. The output of the prototype 
accelerometer is also recorded. 
Fig. 9 shows the frequency response of the piezore-sistive 
accelerometer in response to X-axis vibrations in the field from 
5 Hz to 2 kHz. The resonant frequency of this axis is 79731Hz.

Frequency Analysis

Frequency Response

Fig. 9: Frequency Response of the Accelerometer

Stress Analysis

Transient Analysis



IJEAR Vol. 4, IssuE spl-1, JAn - JunE 2014

w w w . i j e a r . o r g 130   InternatIonal Journal of educatIon and applIed research

ISSN: 2348-0033 (Online)     ISSN : 2249-4944 (Print)

Time Response

Fig. 10: Time Response of the Accelerometer

Fig. 11: Graph Between Actuation Voltage [v] and X-Displacement 
[um]

Fig. 12: Graph between Actuation Voltage [v] and  Y-Displacement 
[um]

In fig. 11,12, the output voltage as a function of the acceleration 
with a 3V bridge voltage is shown. As is evident from the plot, 
the unamplified sensitivity of the accelerometer 0.028V/g.

IV. Conclusion
A micromachined piezoresistive accelerometer with high 
sensitivity is designed and modeled.A novel structure design 
is presented and optimised. The key feature of this design is 
to use a plastic cylinder attached in the center block to yield 
large displacements while using an axial deformation element to 
measure the stress. A simplified analytical model is established 
to describe the accelerometer’s mechanical behaviour. Finite 
element modelling is also conducted to verify the analytical model 
and evaluate the performance of the micro accelerometer. The 
analytical results on the devices are in good agreement with the 
results simulated by FEM. This suggests that analytical results 
can be a fairly reliable guide to the design and calculation of the 
accelerometer structure. From the modelling results obtained, 
this new design showed a very good potential in improving the 
accelerometer’s sensitivity. The static study found that increasing 
the width or thickness of the beam, decreases the accelerometer 
sensitivity. Increasing the length of the beam or the height of 
the cylinder increases sensitivity. The estimation of the stress 
distribution also provides a guideline in device design for device 
reliability. The unamplified sensitivities of the accelerometer are 
0.028V/g. The frequency response gives a straight and smooth line 
and the measured resonance frequency is 79731 Hz. Comparison 
of the obtained experimental results and analytical results shows 
good agreement. The results of these analyses can be used as a 
base for Si-based piezoresistive micro accelerometer design and 
performance optimization.
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